Background: Diving is a popular sport, and some recreational divers have medical risk factors. Their health can be endangered by high extracorporeal (ambient) pressure and its many systemic effects.
Results: Free diving or scuba diving, even at seemingly innocuous depths, puts considerable stress on the cardiovascular system, ears, and lungs. Unexpected events while diving, diminished functional reserve, and pre-existing medical illnesses increase the risk of a diving accident. An international survey revealed that minor incidents occur in 1.3% of all dives, and decompression accidents in 2 of every 10 000 dives. A properly conducted medical examination to determine diving fitness, followed by appropriate counseling, can make a life-threatening diving accident less likely.
Conclusion: To be able to certify diving fitness and give competent medical advice about diving, physicians must be well informed about the physical and physiological changes of diving and the associated risks to health, and they need to know how to perform a medical evaluation of prospective divers. In Germany, any licensed physician may judge a person fit to dive. It is recommended that this be done in adherence to the relevant evaluation standards and recommendations of the medical specialty associations. Randomized controlled trials on the effect of preventive behavior would be desirable, as would a central registry of diving accidents. R ecreational diving has been very popular for decades (1) . It is not commonly thought of as a strenuous sport, as the body is weightless under water and the required exertion is typically only mild (2). Nonetheless, major physiological stress can arise rapidly through unforeseeable environmental changes (currents, waves, underwater animals), the increasing respiratory resistance of the diving regulator at increasing depths, and/or emotional factors (3) (4) (5) (6) . One must always remember that diving can be dangerous even at seemingly innocuous depths. High extracorporeal (ambient) pressure can seriously affect the diver's health. A medical evaluation for fitness to dive is a prerequisite for diving at any domestic or foreign dive center. To evaluate and advise prospective divers competently, physicians must possess a thorough knowledge of the physical and physiological aspects of diving, the associated risks to health, and the criteria for declaring a person unfit to dive.
Methods
• the elements of a complete diving fitness examination and appropriate counseling
• the classification and proper management of diving accidents.
Basic physical and physiological aspects

Apnea and respiratory drive
The two types of diving are device-assisted diving with a scuba set (from the acronym SCUBA, for "selfcontained underwater breathing apparatus") and free diving (breath-hold diving, apnea diving). Normal persons can hold their breath for 30 to 90 seconds; trained breath-holders can remain under water for more than 6 minutes (world records: 11:35 minutes ♂, 9:02 minutes ♀). The main factors affecting the longest tolerated duration of apnea are lung volume, O 2 consumption rate, and CO 2 tolerance (e1). Hyperventilation just before diving lowers the arterial partial pressure of CO 2 and thereby delays the reappearance of the stimulus to breathe, which typically occurs when the pCO 2 rises to 45-60 mmHg (e2) . Hyperventilation also mildly raises the alveolar O 2 concentration and, with it, the arterial pO 2 (e3), but this cannot compensate for the O 2 deficiency arising toward the end of the dive. Once the individual's O 2 reserve has been used up, a lack of respiratory drive can lead to loss of consciousness (shallow-water blackout) (Figure 1 ). In deep-water free diving, the pO 2 is further lowered in the ascent phase by the decreasing ambient pressure. Even if the diver did not hyperventilate before the dive, hypoxia can develop, leading to loss of consciousness, typically in the last few meters below the surface (ascent blackout; in English, often misleadingly termed deep-water blackout) (e4, e5).
Pressure-volume changes in diving
In both free diving and scuba diving, even small changes of depth lead to major changes in pressure, owing to the high density of water. For every additional 10 m of depth under water, the ambient pressure rises by 1 bar (roughly 750 mmHg, near the typical atmospheric pressure on Earth at sea level). Thus, at a depth of 20 m, the pressure is 3 bar (1 bar atmospheric pressure plus 1 bar for every 10 m of depth). If a diver descends to 10 m in a free dive, Boyle's Law (pressure × volume = constant) implies that the volume of air in his or her lungs is halved. The theoretical depth limit for free diving is reached when pressure changes can no longer be compensated for by reduction of pulmonary volume; in other words, the theoretical maximum ambient pressure, in bar, equals the total capacity divided by the residual volume. Moreover, when the body is immersed in water, gravity no longer induces pooling of blood in the lower limbs, and there is therefore a net shift of blood into the central regions. Additional blood in the pulmonary circulation takes up some of the volume normally occupied by alveolar air; this lowers the residual volume and thereby extends the depth limit (7, 8) . The effect is increased if the pressure in the alveoli is lowered, according to Boyle's Law.
Depth records in free diving-Diving depths beyond the calculated limits (world record 214 m ♂, 160 m ♀) can be achieved with the aid of special breathing techniques ("mouthfill," "packing"), which, however, can cause cardiac syncope, barotrauma, and pulmonary edema (9) (10) (11) .
Scuba diving-The demand-valve regulator used in scuba diving supplies the diver with air for breathing at a pressure corresponding to the ambient pressure at any depth. Pressure differences arising in the descent and ascent phases are eliminated when the diver breathes. If the diver inappropriately holds his or her breath and ascends with the lungs full of air, the ensuing difference Physical and physiological changes • Diving causes marked physical and physiological changes.
• High ambient pressure can severely impair a diver's health.
Complications related to diving technique
• Free divers may suffer a loss of consciousness (shallow-water blackout or ascent blackout).
• Breath-holding during the ascent phase can cause severe barotrauma. between the intrathoracic and the ambient pressure can cause pulmonary barotrauma (pneumothorax, mediastinal emphysema, and air embolism).
The solubility of gases in liquids
Gases dissolve in organic tissues to an extent that depends on the type of gas, pressure, temperature, and time. About 78% of the pressurized air that is breathed in scuba diving is nitrogen gas; nitrogen thus accounts for most of the gas that dissolves in the blood and other bodily tissues during the dive. The time course of nitrogen dissolution is exponential, with saturation half-times varying widely from one bodily compartment to another (t ½ = 1-18 min in the central nervous system, versus 305-635 min in the bones and joints) (12) . During a dive, high partial pressures of nitrogen can exert an anesthetic effect (nitrogen narcosis, the so-called rapture of the deep). During ascent, as the ambient pressure lessens, the dissolved gases are carried via the bloodstream to the lungs and eliminated by expiration. Modern diving computers have algorithms to compute nitrogen saturation and desaturation; along with the basic parameters (depth and time), these algorithms take account of other factors, including
Gas bubbles emerging from solution Gas bubbles emerging from solution during ascent can cause arterial gas embolism or decompression sickness.
Dehydration
Dehydration increases the risk of decompression sickness. water temperature, physical exertion, heart rate, and minute ventilation, to give the diver an individualized ascent plan. Further factors influencing nitrogen saturation and desaturation include the rate of ascent, the duration and depth of the dive, the number of dives performed in a single day, the duration of surface intervals, and the adequacy or inadequacy of fluid balance (13, 14) .
Immersion diuresis-Immersion of the body in water increases venous return to the heart (e6). As a counter-regulatory measure, the cardiac atria secrete atrial natriuretic peptide (ANP), causing diuresis (the Gauer-Henry reflex) (e6). At the same time, diuresis is reinforced by the lessened secretion of antidiuretic hormone (ADH) from the posterior lobe of the hypothalamus. The ensuing reduction of blood volume protects the cardiovascular system from the (putative) volume overload. Moreover, during ascent, fluid is lost in expired air as well, because the very dry pressurized air that the diver breathes is moistened during expiration. The absolute volume deficiency changes the rheological properties of the blood and promotes the development of decompression sickness (e7). Divers should therefore take care to drink enough fluid before diving.
Medical evaluation and counseling for diving fitness
For persons in good health aged 18 to 40, the German Society for Diving and Hyperbaric Medicine (Gesellschaft für Tauch-und Überdruckmedizin, GTÜM) recommends a medical evaluation once every three years. Most insurance companies and dive operators require diving fitness certification. For all other persons, and for persons with certain medical problems (see, for example, the relative contraindications listed in Table 1 ), medical evaluations are required at oneyear intervals (15) . Any acute illness nullifies diving fitness until complete recovery. After any serious illness, surgical procedure, or diving accident, the diver should be re-evaluated by a physician trained in diving medicine.
The required elements of the diving fitness evaluation are thorough history-taking and a complete physical examination (including visual inspection of eardrum mobility), an ECG at rest, pulmonary function tests, and an assessment of physiologic reserve, typically with a bicycle ergometer (16) (for more information, see Box 1 and the recommendations of national medical societies on recreational diving, e.g.,
The frequency of diving fitness evaluations Evaluations should be performed at 3-year intervals from age 18 to age 40 and annually at all other ages.
The diving fitness evaluation
Among the required elements of the diving fitness evaluation are thorough history-taking and a complete physical examination. • Additional specialized studies -Further specialized testing is needed in some cases, e.g., body plethysmography or imaging studies. The ordering physician should clearly formulate the question relevant to diving that is to be answered. 
Common reasons for medical unfitness to dive
In this section, we discuss illnesses and organ systems that are of particular relevance to medical unfitness to dive (see also Reference [10] , Box 1 [on the medical evaluation of diving fitness], and Figure 2 ). The consequences of eardrum perforation include water in the middle ear, disequilibrium because of the caloric stimulus, vomiting, disorientation, and a possible panic reaction resulting in an excessively rapid ascent (17) . Impaired aeration of the middle ear or otitis media disqualifies the individual from diving (Table 1) . Even persons whose fitness to dive is officially only partly restricted (e.g., to diving only in a swimming pool or in shallow water) should refrain from diving, as large pressure differences in air-filled cavities arise even at seemingly innocuous depths. Moreover, the earplugs that divers often use may themselves damage the eardrum, because the air pressure cannot be equalized in the artificial cavity that they create. Diving often impairs the local barrier function of the external auditory canal epithelium, either because it becomes too moist or because salt crystals form on it (e8, e9). The affected divers often worsen the situation by excessive cleaning of the ear with cotton swabs (which can cause microtrauma) or by rinsing it with nonprescription fluids of various kinds (oils, alcohol-based rinses). Some simple measures can help prevent such Problems affecting the ears Any impairment of middle-ear aeration disqualifies the individual from diving. Rinsing the external ear with ordinary drinking water, thorough drying, and protecting the ear from the wind can help prevent otitis in divers.
Problems affecting the teeth Air trapped under dental fillings or temporary crowns can re-expand during the diver's ascent, causing severe toothache. Divers who intend to spend long periods abroad should be advised to have a dental check-up first. problems (rinsing the external ear with ordinary drinking water after diving, thorough drying, and protection from the wind). If the ear canal is severely irritated or swollen, diving is contraindicated. Air trapped under dental fillings or temporary crowns can re-expand during the diver's ascent, causing severe toothache. Divers who intend to spend long periods abroad should be advised to have a dental check-up first (18) .
Eyes
If the diver fails to equalize pressure inside the diving mask by exhaling through the nose during the descent, conjunctival bleeding may result (19) . Divers need to see well, so that they can stay oriented, recognize dangers, and read instruments. Refractory errors can be corrected with prescription dive masks or with soft contact lenses (20) . Persons who have just undergone cataract surgery should not dive until complete healing has taken place (i.e., for at least 4 weeks). Persons with a history of glaucoma should be examined by an ophthalmologist. Well-controlled open-angle glaucoma without optic nerve dysfunction is not a contraindication to diving, but persons with untreated narrowangle glaucoma must not dive (21) . Persons who have undergone refractive surgery, e.g., laser-assisted in situ keratomileusis (LASIK), should not dive until complete healing has taken place (this can take anywhere from 3 months to several years), and only after evaluation by an ophthalmologist (22, 23) . Severe infections of any kind from which the individual has not yet fully recovered, advanced disease of the chorioretinal vasculature, and advanced macular degeneration are further absolute contraindications (24) (25) (26) .
Lungs
Changes in the lungs and airways can also increase the risk of a severe diving accident. Acute infections that stimulate the production of mucus (bronchitis, colds, etc.) alter air flow in expiration and increase the risk that air trapping in the alveoli will lead to barotrauma. Persons with COPD who have impaired pulmonary function with an FEV 1 /FVC ratio below 0.7, pulmonary emphysema, bullae, or an acute exacerbation are unfit to dive (Table 1 ). Fitness to dive is harder to assess in persons with asthma (27) . If they have wellcontrolled asthma without any symptoms, with FEV 1 and peak-flow values above 80% of the norm, they may be fit to dive. Uncontrolled or partly controlled asthma in which pulmonary function has not yet been stabilized (www.ginasthma.com) is an absolute contraindication. Persons with exercise-or cold-induced asthma should not dive, either, because their airways can easily be irritated by the cold and very dry air coming from the scuba set. Persons with a history of pulmonary injury (trauma or thoracic surgery) are generally fit to dive, as long as further pulmonary function testing (whole-body plethysmography) and pulmonary CT yield normal findings (28) . Idiopathic spontaneous pneumothorax or status post pleurodesis to prevent recurrent pneumothorax are absolute contraindications to diving.
Cardiovascular system
Persons of any age with a history of cardiovascular problems (including, but not limited to, coronary heart disease [CHD], angina pectoris [AP], peripheral arterial occlusive disease [PAOD] , an implanted cardiac pacemaker, hypertension, or a persistent foramen ovale [PFO]) should undergo more extensive evaluation, e.g., with long-term ECG monitoring or a stress ECG, long-term blood-pressure measurement, echocardiography, or cardiac catheterization. When indicated, they should be evaluated for fitness to dive at markedly shorter intervals than other persons. The most important criteria for diving fitness in such cases are cardiac functional reserve and hemodynamic stability. Persons who have had a heart attack but still have good ventricular function may well be fit to dive; the same holds for persons with atrial fibrillation, as long as they have normal cardiac functional reserve and rate control, but not for those with structural heart disease. Implanted pacemakers are not a contraindication, as long as the diver has normal cardiac functional reserve and the pacemaker is of a type that reliably withstands high pressure, with the manufacturer's certification of compatibility with diving. On the other hand, implantable cardioverter defibrillators (ICDs) and biventricular pacemakers are a contraindication, both because of the underlying disease and because of the danger of hemodynamically significant arrhythmia leading to syncope or hypertensive pulmonary edema.
Persons with essential hypertension that has been well controlled with medication for at least three months are, in general, fit to dive. Careful consideration should, however, be given to the potential adverse effects of antihypertensive drugs (for example, in persons taking beta-blockers, the diving reflex can
Ocular changes
Persons who have just undergone cataract surgery should not dive until completely healed (i.e., for at least 4 weeks). Persons with a history of glaucoma should be examined by an ophthalmologist.
Pulmonary function
Asymptomatic persons with well-controlled asthma may be fit to dive. Uncontrolled or partly controlled asthma with unstable pulmonary function is an absolute contraindication. 
Medical counseling about diving
A medical consultation about fitness to dive comprises not just a thorough evaluation, but also appropriate patient counseling in the light of the findings. One of the main things for prospective divers to understand is that acute illnesses of any kind, even if they seem trivial (such as an ordinary cold), are incompatible with diving. Physicians should also advise prospective divers to inform themselves of the available emergency rescue services before diving, so that no time is wasted in an emergency. This is particularly important in so-called private diving, i.e., diving on one's own, independently of any dive center. Persons planning a diving vacation abroad should be advised that they may be unfit to fly after diving, depending on the frequency and duration of their dives. Likewise, they may be unfit to drive over mountain passes. Reduced air pressure can cause nitrogen dissolved in the blood and tissues to come out of solution, leading to symptomatic decompression sickness. Modern diving computers display the no-fly time after each dive. As a rule, the Divers Alert Network (DAN) Europe recommends not flying for at least twelve hours after single dives without a decompression stop, and for at least 24 hours after all other dives (i.e., whenever a person has dived more than once in a day or has taken a decompression stop). Moreover, divers should be advised Cardiologic prerequisites for diving • Adequate hemodynamic stability and functional reserve of the cardiovascular system • Well-controlled hypertension is compatible with diving
Travel recommendations
• No flying, or driving over mountain passes, within 24 hours of the last dive • Critical assessment of every drug the diver is taking for compatibility with diving (e.g., malaria prophylaxis)
BOX 2
Recommendations for "low bubble diving"* • Absolutely no diving when you have a cold (coughing or forced pressure equalization promotes bubble formation) * modified from (e13) to drink adequate amounts of fluids, as dehydration increases the risk of decompression accidents even if the dive profile is not unusual in any way. All drugs that the prospective diver is taking should be critically evaluated for compatibility with diving; particular attention should be paid to diuretics, antiallergic drugs, nasal decongestants, antiemetic drugs, and antimalarial drugs (32, 33) (Box 1). Many of these drugs are sedating, have neuropsychiatric side effects, impair pupillary accommodation in bright light, and/or promote the development of nitrogen narcosis (34, 35) .
Medical emergencies in diving
Medical emergencies in diving are rare, but sometimes life-threatening (36) . They can occur wherever people dive, not just in areas of diving tourism.
The frequency of accidents
Accurate statistics on diving accidents are hard to obtain, as there is no central registry to which diving accidents must be reported. The published accident counts are often derived from treating physicians' reports; thus we must assume that far more accidents take place than have been documented. Moreover, patients with clinically diagnosed decompression symptoms are often not followed up. Data on long-term outcome is therefore rare. The diving accident report of the German Recreational Divers' Association (Verband deutscher Sporttaucher, VDST) for the years 2007-2013 contains an evaluation of 319 accidents in Germany (accounting for half of the total) and abroad. 37 of these accidents were fatal. The cause of death could be determined in 27:
• 13 divers died because of an internal disease, • 7 because of a technical defect, • and 7 because of negligence.
Likewise, data obtained internationally by the Divers Alert Network (DAN) provide evidence of the degree of risk associated with the sport. 1081 divers, questioned on a total of 14 931 dives, reported minor incidents (e.g., buoyancy control problems, excessively rapid ascent) in 1.3% (e10). Decompression accidents arose in approximately 2 per 10 000 dives. More than 40% of the divers surveyed said they had at least one chronic disease. According to a meta-analysis of DAN accident statistics for the years 2000 to 2006 (e11), the likelihood of a diving accident causing cardiac death is 12.9 times higher in divers over age 50. The available data are inadequate; a central registry for diving accidents would be desirable.
Decompression sickness
Decompression sickness is a diving emergency that can occur anywhere, even in Germany. Since the turn of the 21 st century, it has been possible to dive to depths of 20 meters and more, in warm water, in indoor diving centers. Thus, decompression sickness should be thought of whenever divers develop suggestive manifestations, even if they have "only" been diving indoors (Table 2) . A distinction should be drawn between decompression sickness in the proper sense of the term and arterial gas embolism.
Decompression sickness is due to gas (generally nitrogen) emerging from solution in the blood or solid tissues during ascent (37) . If more gas comes out of solution than can be rapidly breathed off, gas bubbles form. Small numbers of gas bubbles form in practically every dive but are generally eliminated via the lungs without further problems. When the amount of nitrogen dissolved exceeds a critical value, bubbles form and cause decompression sickness ( Table 2 ). The risk of decompression sickness is higher in divers with a persistent patent foramen ovale (PFO) (38, 39) . In general, the risk of decompression sickness can be minimized by ascending slowly and prolonging the overall time of ascent (40), by taking breaks (so-called deep stops) during ascent (e12), and by adhering to the safety rules for the prevention of bubble formation (Box 2).
Arterial gas embolism (AGE) can be a feature of severe decompression sickness. Another mechanism by which AGE arises in a rapid (emergency) ascent is central pulmonary tearing leading to the entry of alveolar air into the pulmonary veins, and hence into the arterial circulation, causing paradoxical embolism. The air bubbles functionally occlude the terminal arteries to which they embolize (most significantly, in the brain and spinal cord). The symptoms arise either during ascent or soon after the diver has reached the surface. They resemble those of decompression sickness but arise more rapidly and are more narrowly restricted to the central nervous system.
Divers with suspected decompression sickness should be given 100% O 2 at once, and the emergency rescue services should be alerted. Pressure-chamber treatment for emergency recompression is not available everywhere in Germany; thus, in an emergency, the patient should be taken to the nearest hospital, which must then organize secondary retransfer to the appropriate center as rapidly as possible. Expert medical advice should also be obtained in
Decompression sickness is a serious disease.
The treatment of decompression sickness
Divers with suspected decompression sickness should be given 100% O 2 at once, and the emergency rescue services should be alerted.
any diving accident (see Table 2 for the availability of advice over the telephone from diving medicine specialists).
Further recommendations for the management of diving accidents are listed in the relevant GTÜM guidelines (www.gtuem.org).
Overview
In Germany, any licensed physician is allowed to attest a prospective diver's fitness to dive. The medical specialty associations have issued recommendations about the nature and extent of the medical evaluation that should be performed. Even though recreational diving is generally perceived by the public as a sport that does not demand much physical exertion, and that only rarely gives rise to accidents, it nonetheless carries significant risks. All prospective divers, and especially persons with medical risk factors, should be properly evaluated and counseled before their fitness to dive is attested. The expertise of diving physicians and specialists should be called upon whenever problematic findings are obtained. It is recommended that physicians attesting diving fitness should adhere to the evaluation standards and recommendations of the GTÜM, and that they should obtain GTÜM certification by passing the two relevant courses that the association offers, "Medical Evaluation for Diving" (Tauchmedizinische Untersuchungen, GTÜM Course I) and "The Diving Physician Course" (Taucherarzt, GTÜM Course IIa). 
Question 3
What type of heart disease is a relative contraindication for the attestation of fitness to dive? a) a hemodynamically significant congenital heart defect b) tachyarrhythmia caused by structural heart disease and requiring treatment c) mitral stenosis with a valvular opening <1.5 cm² d) a complex arrhythmia e) a history of an acute coronary syndrome more than one year ago, with normal stress tolerance and good ventricular function at present
Question 4
What ear disease absolutely contraindicates diving? a) incipient otitis externa b) incomplete stenosis of the ear canal c) acute dysfunction of the Eustachian tube so that pressure equalization is not possible d) chronic dysfunction of the Eustachian tube so that the Valsalva maneuver is impaired e) radical cavity formation (without dizziness or fall tendency on cold caloric testing)
Question 5
What drugs can divers take unproblematically? a) antiemetic drugs b) anticholinergic drugs c) antipsychotic drugs d) topical antifungal drugs e) antimalarial drugs 
Case illustration
A 49-year-old man (175 cm tall, with a body-mass index of 33) was somnolent on admission to the emergency department at 12 noon. He complained of persistent nausea and dizziness. Examination revealed left hemiparesis, with grade 3/5 strength in the upper limb and 4/5 in the lower limb. These manifestations had been present for about half an hour. Computed tomography (CT) of the head and chest revealed no abnormal findings, and the routine laboratory findings were normal as well. He related that he had been diving in an inland lake in the morning and had simulated multiple emergency ascents during rescue exercises. The symptoms had arisen while he was on the diving platform, a few minutes after the last emergency ascent exercise. The diving instructor thought he could not be suffering from decompression sickness, because he had not been diving any deeper than 8 meters.
Diagnosis and treatment
This patient's somnolence and other neurologic manifestations resulted from pulmonary barotrauma with ensuing arterial gas embolism to the brain/spinal cord. There was no pneumothorax requiring drainage, nor was there a pneumomediastinum. He was given 1 liter of colloid intravenously and transferred to a pressure-chamber center while breathing 100% O 2 . After the first session in the chamber (according to US Navy Treatment Table 6 , with maximal prolongation), his hemiparesis was markedly improved, but he continued to suffer from reduced drive, sensorimotor disturbances, and impaired concentration. After four further sessions over the next few days, he became asymptomatic.
Background
The fact that this patient had been diving just before the symptoms emerged suggests that a diving accident has taken place. The rapid drop in ambient pressure during the repeated emergency ascent exercises promoted pulmonary barotrauma, which can indeed occur even in dives of short duration to depths as little as 2 meters. If gas bubbles pass over into the arterial circulation, arterial gas embolism occurs, causing hemiparesis in this case. The symptoms typically arise within minutes of the diver's emergence from the water. Ischemia in the territory of an end artery is often not detectable on imaging studies (CT) in the first 24 hours.
